By employing an all order relativistic many-body theory called the relativistic coupled-cluster theory we have calculated the weighted oscillator strengths and the transition probabilities for a few low-lying transitions of boron-like ions: Mg VIII, Si X and S XII which are astrophysically important, particularly, in the atmospheres of the solar corona. The physical effects associated with these transitions are discussed. Our results are compared with the available experimental and theoretical data.
Introduction
With tremendous advancements in the field of observational astronomy like the deployment of satellite probes for data acquisition, there is a considerable interest for accurate calculations of the oscillator strengths and the transition probabilities for highly stripped ions which are very important in astrophysics, mainly in the identification of spectral lines (Fawcett 1975; Fawcett & Hayes 1987) . In this paper, we have studied various electro-magnetic transitions from the low-lying single valence excited states, 2s 2 2p 3/2 ( 2 P 3/2 ), 2s 2 3s ( 2 S 1/2 ), 2s 2 3d 3/2 ( 2 D 3/2 ), and 2s 2 3d 5/2 ( 2 D 5/2 ) to the ground state for the highly ionized boron-like ions: Mg 7+ , Si 9+ and S 11+ which are abundant in the solar atmosphere (Jordan 1969) . Most of the lines corresponding to these transitions lie in the soft X-ray waveband and have the potential to probe the chromosphere-corona transition region and possibly the coronal hole regions of the solar atmosphere (Jordan 1969; Flower & Nussbaumer 1975a;  a Non-accelerator Physics Group, Indian Institute of Astrophysics, Bangalore 560 034, India b Max Planck Institute for the Physics of Complex Systems, 01187 Dresden, Germany c Indian Association for the Cultivation of Sciences, Calcutta 700 032, India 1 email: nataraj@iiap.res.in 1975b), where the temperatures would be of the order of a million kelvin. The relative line intensity ratios in Mg VIII and Si X line emission spectrum have been found to be density sensitive by Dwivedi & Raju (1980) . The EUV line intensity ratios of these ions have been studied by Bhatia & Thomas (1998) to infer the electron density in different solar features such as active region, quiet sun and off-limb. Thus lines emitted from boron-like ions can be used as a powerful tool in the diagnostics of the electron density (Vernazza & Mason 1978) and the temperature in the solar atmosphere. Audard et al. (2001) have observed the soft X-ray coronal emission lines of S XII in the stellar binary Capella which is one of the nearby Sun-like star using the high resolution RGS XMM-Newton satellite. Interestingly, some infrared emission lines of these ions have been observed (Rudy et al. 2006 ) recently using SpeX on NASA's Infrared Telescope Facility on Mouna Kea, in the coronal regions of RS Ophiuchi, a recurrent nova.
There are a few calculations of certain transition probabilities of boron-like ions available in the literature (Shamey 1971) ; some of them are completely non-relativistic and based on the multi-configuration Hartree-Fock (MCHF) method (Garstang 1962; Dankwort & Treftz 1976) ; some others are based on multi-configuration Hartree-Fock calculations with Breit-Pauli corrections (MCHF+BP) (Dankwort 1978; Fischer 1983; Tachiev & Fisher 2000) and there are a few calculations based on the relativistic many-body perturbation theory (MBPT) (Safronova et al. 1999) . Often the theoretical calculations are scaled to match the observed transition energies (Elwert & Raju 1975; Tachiev & Fisher 2000) . Given the increasing need for the accurate spectroscopic data in astrophysics, it is necessary to use state-of-art methods like the relativistic coupled-cluster (RCC) theory to calculate the principal atomic quantities of astrophysical interest such as the energy levels, the oscillator strengths, the transition probabilities, etc. The RCC theory is equivalent to all order MBPT (Lindgren & Morrison 1985) . Therefore, it is more accurate than the finite order MBPT. The relativistic effects are incorporated rigorously in RCC approach, while in MCHF+BP approach they are considered in an approximate manner. It has some distinct advantages over the MCHF method (Majumder et al. 2004 ).
In section 2, we have given the working formulas for the transition probabilities and the oscillator strengths and briefly discussed the coupled-cluster method employed in calculating these quantities. In section 3, we have presented the results and compared them with those available in the literature and the conclusions are drawn in the following section.
Theory and method of calculation
The spontaneous transition probabilities due to E1, E2, M1, and M2 operators from a state |J f M f to the state |J i M i are given by (Shore & Menzel 1968) ,
and
respectively, where, the numerical factor applies for the wavelength λ in cm and the transition line strength S, defined as the absolute square of the transition matrix element, in atomic units of e 2 a 2 0 where, e is the electric charge and a 0 is the Bohr radius.
where, J f ||O||J i is the reduced matrix element for the appropriate multipole operator O.
The oscillator strength and the corresponding transition probability for a transition of any multipole type are related by the general formula,
where, g f and g i are the degeneracies associated with the final and initial states respectively, λ is the wavelength in cm and A (J f ;J i ) is the transition probability in s −1 .
Generally, in the astrophysical literature, one uses the weighted oscillator strength which is the product of the degeneracy of the initial state and the oscillator strength and is symmetric with respect to initial and final states. i.e,
As it can be inferred from the above equations, there is a great need for precise values of the transition wavelengths and the transition line strengths for the accurate determination of the oscillator strengths and the transition probabilities. This demands for a highly potential many-body method which would include fully relativistic effects and the electron correlation effects that are sufficiently large especially in many-electron systems. So we employ the relativistic coupled-cluster theory, which is briefly discussed below, to calculate these quantities of interest.
As a starting point, we obtain the closed-shell configuration wave function (|Φ 0 ), which is 1s 2 2s 2 in the present work, by solving the Dirac-Hartree-Fock (DF) equations for N-1 electrons, N being the total number of electrons in the system including the valence electron (v) for the Dirac-Coulomb Hamiltonian which is given by,
where, c is the speed of light in vacuum, α and β are the Dirac matrices, V nuc is the nuclear potential and the last term correspond to the Coulomb interaction between two electrons.
In the framework of the RCC theory, we construct the exact wave function (|Ψ 0 ) for the closed-shell configuration (Lindgren & Morrison 1985) as,
where, T is the excitation operator for the core orbitals. It is the sum of all single, double, triple, and higher order excitations of occupied electrons. For a single valence open-shell atomic system, which is of our interest, we append the valence electron (v) orbital to the DF wave function and obtain the corresponding reference state; i.e. |Φ v = a † v |Φ 0 , where a † v is the creation operator for the valence electron. The exact wave function for the corresponding valence electron can be expressed as,
where, S v corresponds to the excitation operator for the valence and valence-core orbitals.
Since the system considered in this paper has only a single valence electron, the non-linear terms in S v will not exist and the above wave function reduces to (Mukherjee & Pal 1989) ,
It is impractical to consider all the correlated excitations. The contributions from the higher order excitations are not expected to be very significant, hence we have limited our calculations only to linear and non-linear single and double excitations, known as CCSD method. In our earlier works, we have given the details of the working equations to determine both the T and S v amplitudes and the ionization potential (IP) for the corresponding valence electron v (Mukherjee & Pal 1989) . We have considered the leading triple excitations using CCSD(T) approximation (Kaldor 1987) to improve the accuracy of the results.
We calculate the transition matrix elements of any physical operator O by,
We have discussed the procedure to calculate the above expression in our earlier work (Sahoo et al. 2006) . The normalization factors can be obtained using the following relation,
where, N v = {S † v e T † e T S v } for the valence electron v(= i, f ).
The single particle reduced matrix elements for the E1, E2, M1, and M2 transition operators are given respectively by,
κ f ||e2||κ i = 15
where, j ′ s and κ ′ s are the total orbital angular momentum and the relativistic angular momentum quantum numbers respectively. The radial functions, P i (r) and Q i (r) are the large and small components of the i-th single particle Dirac orbital respectively. The Racah coefficients are given by,
with,
In the above expression, we define k = wα, where w = ǫ i − ǫ j is the excitation energy at the single particle level, α is the fine structure constant, l is the orbital quantum number and j n (kr) is a spherical Bessel function of order n. When kr is sufficiently small, one can apply the following approximation to calculate the above matrix elements:
Results and discussion
The wavelengths corresponding to the transitions from 2s 2 3d 5/2 , 2s 2 3d 3/2 , 2s 2 3p 1/2 and 2s 2 3s 1/2 to the ground state for all the boron-like ions we have considered lie in the soft-X ray region and the line from 2s 2 2p 3/2 to the ground state for S XII lies in the visible region, whereas, for Mg VIII and Si X this lies in the infrared region of the electromagnetic spectrum. In Table 1 , we have reported the computed excitation energies for the these low-lying excited states of boron-like ions; Mg VIII, Si X, S XII and compared our results with the available NIST data. The ratio of the difference between the two and the NIST value is given in per cent in the last column. Our results in general agree very well with the measured NIST energies except for 2s 2 2p 3/2 levels where the difference is slightly more because of higher order relativistic effects.
In Table 2 , we have listed the weighted oscillator strengths and the transition probabilities of a few allowed electric dipole transitions of boron-like ions obtained from the RCC Hoory et. al (1971) calculations and compared these quantities with the fully ab initio MCHF+BP calculations of Tachiev & Fischer (2000) , where they have used the computed values of energy scaled to match the observed transition energies. The transition probabilities depend crucially on the line strengths and the transition wavelengths. Here, we have used the unscaled computed wavelengths in calculating the transition probabilities and our results are more accurate and reliable than those obtained using MCHF+BP approach.
In order to understand the correlation effects, we have given explicitly the individual contributions from the following four terms; Φ f |O|Φ i , Φ f |OS i |Φ i , Φ f |S † f O|Φ i , and Φ f |S † f OS i |Φ i which are obtained on expanding equation (12), to the electric dipole transition amplitude in Tables 3 and 4 , for the 2s 2 3s → 2s 2 2p 1/2 and 2s 2 3d 3/2 → 2s 2 2p 1/2 transitions, respectively. The normalised total value and the Dirac-Fock value of the tran-sition amplitude i.e., the term in the absence of any correlations, are also given. All these values are given in atomic units i.e, when e 2 a 2 0 = 1. The core correlation effects for the electric dipole transition amplitudes are small compared to the Dirac-Fock value and they are negative, thereby reducing the contribution of Dirac-Fock value in both the cases. The transition probabilities for 2s 2 3d 3/2 → 2s 2 2p 1/2 are larger than that of 2s 2 3s → 2s 2 2p 1/2 transitions as the overlap of radial wave functions of the former two states is larger than that of the latter two states. And as expected, the contribution from the term Φ f |O|Φ i is large compared to the other three terms as it contains the DF term and a few core correlated terms, where as, Φ f |S † f OS i |Φ i is smaller than the rest as it contains two orders in the S v amplitude. The contribution from Φ f |OS i |Φ i is larger compared to Φ f |S † f O|Φ i in case of 2s 2 3s, where as, it is the other way round in case of 2s 2 3d 3/2 . For any given transition, the trends for all the three ions are the same.
We have given in Tables 3 & 4 , the contributions from the individual terms of only the allowed electric dipole transition amplitudes which are relatively large, unlike in the forbidden case, where the transition amplitudes are generally small. However, in Table 5 , we have given the DF value and the normalised total value of the transition amplitudes of the selected forbidden transitions of few boron-like ions, in atomic units. The difference between the total and the DF value gives the contribution of electron correlation effects, shown in the last column, which appear to be non-negligible atleast in some cases.
The computed transition probabilities for a selected forbidden transitions of boron-like ions are given in Table 6 . The oscillator strengths are not generally used for forbidden transitions. However, one can obtain the same using the general formula given in equation (6). As the differences of our computed wavelengths and the observed ones for the 2s 2 2p 3/2 states are slightly large, we have used the observed wavelengths for calculating the 2s 2 2p 3/2 → 2s 2 2p 1/2 transition probabilities and in all other cases we have used the computed wavelengths. Our results are compared with the calculated results of Tachiev & Fischer (2000) . We have reported the transition probabilities of many forbidden transitions from the low-lying excited states to the ground state in a few boron-like ions, for the first time to the best of our knowledge. 
Conclusion
We have calculated the weighted oscillator strengths for a few electric dipole transitions and the transition probabilities for many low-lying excited states of boron-like ions, Mg VIII, Si X, and S XII which are abundant in the solar atmosphere using the relativistic coupled-cluster theory. It is shown that, the contributions of electron correlation effects to the transition amplitudes are non-negligible in some transitions. Our results in general are in good agreement with the calculated values available in the literature and thereby demonstrating the power of this theory to generate accurate and reliable atomic data for astrophysics. We are reporting for the first time, to the best of our knowledge, the transition probabilities of many forbidden transitions which, in general, have assumed considerable importance in recent times, due to the advancement in high resolution spectroscopy, in the context of astrophysical observations especially, in the regions of extremely low density plasma such as those present in the coronal atmospheres of Sun, a few Sun-like stars such as Capella, novae such as RS Ophiuchi etc. In this context, our results may be helpful in the identification of the spectral lines from such atmospheres.
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